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We investigate the effects of temperature and reaction time on structural, morphological, and optical
properties of BaMoO4 and BaWO4 synthesized via precipitation induced by a fast precursor injection.
Oriented aggregation and matter transfer influenced the particle sizes and shapes. The morphological
changes were responsible for manipulating the maximum photoluminescence (PL) emissions from blue
to red, exclusively in BaWO4. The broadband PL profiles and band gap energies (from 4.08 to 4.98 eV) sug-
gested the participation of direct electronic transitions among intermediary energy levels in the forbid-
den region. The proposed template/surfactant-free approach has the potential to growth hierarchical
structures of tungstates/molybdates with improved optical properties.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

The crystallization of inorganic particles with controlled shapes
and sizes is a great challenge to design new functionalities in mate-
rials. Many efforts have been devoted to understanding the growth
dynamics of hierarchical architectures (HAs). HAs are based on the
self-assembly of inorganic building blocks over multiple length
scales [1], which have been seen in a variety of tungstates/molyb-
dates [2].

The interest in scheelites is centered on developing scintillators,
light-emitting diodes, and solid-state lasers [3]. The key to such
technological applications is the intrinsic luminescence of these
phosphors. As excellent host matrices, depending on the incorpo-
rated element and excitation wavelength, the luminescence can
be improved [4]. However, few studies have shown how to tune
the photoluminescence (PL) properties in single-phase scheelites
via morphological control.

The precipitation-based routes are very promising among the
diverse preparation methods because of their technical simplicity,
versatility, and scalable production. Thus, researches aiming at the
precipitation of bariummolybdate (BaMoO4) and barium tungstate
(BaWO4) have been limited to the instantaneous reaction at room
temperature with/without post-heat treatments [5].

In our study, BaMoO4 and BaWO4 were synthesized via precip-
itation induced by a fast precursor injection (P-FPI). The purpose
was to explore the role of different reaction times in the morpho-
logical features and PL response of these phosphors.
2. Materials and methods

2.1. Synthesis

Sodium molybdate dihydrate (Na2MoO4�2H2O, 99.5%), sodium
tungstate dihydrate (Na2WO4�2H2O, 99%), and barium nitrate (Ba
(NO3)2, 99%) were purchased from Sigma-Aldrich. For the synthesis
of BaMoO4 at 90 �C, 4 mmol of Na2MoO4�2H2O and Ba(NO3)2 were
dissolved in 20 and 80 mL of deionized water, respectively. The
first solution (Na+ and MoO2-

4 ions) maintained at room tempera-
ture was sucked with a syringe and quickly injected into the other
(Ba+ ions) heated at 90 �C into an angled two-neck round bottom
flask coupled to a reflux condenser with thermostatic bath. After
precipitation, this system was maintained at 90 �C for different
times. The obtained products were centrifuged, washed with
deionized water/acetone, and dried at 60 �C for 2 h. A similar pro-
cedure was adopted for BaWO4. The reaction time referred to as 0 h
corresponds to instantaneously precipitated samples at 30 or 90 �C.
The samples prepared at 30 �C for 0 h were chosen to analyze the
influence of temperature.
2.2. Characterization

X-ray diffraction (XRD) patterns were recorded on an XRD-6000
diffractometer (Shimadzu) with CuKa radiation (k = 0.154184 nm)
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by using a scanning scan rate and step size of 1�/min and 0.02�,
respectively. Raman spectra were analyzed on a RF-100 FT-
Raman spectrometer (Bruker Optik) equipped with an Nd:YAG
laser (k = 532 nm) operating at 100 mW. The morphological
aspects were verified on a SUPRA 35VP scanning electron micro-
scope (SEM) (Carl Zeiss). Ultraviolet–Visible (UV–Vis) spectra were
taken on a Cary 5G spectrophotometer (Varian) operating in dif-
fuse reflectance mode. PL spectra at room temperature were per-
formed on a Monospec-27 monochromator (Thermal Jarrel-Ash)
coupled to an R446 photomultiplier (Hamamatsu Photonics). The
excitation wavelength was a Kr-ion laser (k = 350 nm) (Coherent
Innova 90 K) with the maximum power at 15 mW.
3. Results and discussion

The high crystallinity is a fingerprint of the scheelites, even in
production methods performed at 30 �C [2]. Such feature was iden-
tified in the diffractograms of BaMoO4 and BaWO4 with scheelite-
type tetragonal structures (JCPDS 29–0193 and 43–0646) (Fig. S1
in Supplementary Data (SD)). To enrich this information, Raman
spectra (Fig. S2) presented well-defined bands arising from anti-
symmetric and symmetric vibrational frequencies of [MoO4] or
[WO4] and [BaO8] clusters [6].

Analyzing the morphology, the samples synthesized at 30 �C
exhibited several rice-like microparticles containing rugged
defects (Fig. 1a and 2a). By increasing both temperature (from 30
to 90 �C) and reaction time, the growth of shuttle-like microparti-
cles (Fig. 1b-f and 2b-f) with an average particle size from 12 to
41 lm (Figs. S3 and S4) was observed. These HAs were organized
by repeated edge-to-edge attachments of flattened and faceted
particles along the h001i direction with four branches (truncated
bipyramidal particles) perpendicular to the central axis [2]. The
oriented attachment process accompanied by the appearance of
defects is indicative of a non-classical crystallization mechanism
[7].Fig. 2.
Fig. 1. SEM images of BaMoO4 synthesized at 30 �C for 0 h (a) and 90
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SEM images showed that the evolution in the reaction time pro-
voked surface changes in shuttle-like microparticles. Many dam-
aged particles were seen in the syntheses performed for 12 and
24 h, as well as some internally hollow BaMoO4 microparticles
(Insets in Fig. 1c-e). Two hypotheses were assumed for the
observed phenomena: (i) diffusion of precursor molecules/ions
from solution to surface; (ii) matter transfer from bulk to surface.
When the BaMoO4 and BaWO4 were compared (Fig. S5), the slight
modifications in particle shapes were assigned to intrinsic differ-
ences in the bonding environmental of [MoO4] and [WO4] clusters
during the nucleation/growth stages.

The band gap energies (Egap) were estimated via UV–Vis spec-
troscopy by the Kubelka-Munk method for direct transitions
[8,9]. The Egap results were found from 4.08 to 4.21 eV in BaMoO4

and from 4.87 to 4.98 eV in BaWO4 (Figs. S6 and S7). More details
on these results in SD. When excited at 350 nm (3.54 eV), broad-
band PL spectra with the maximum emission peaks were detected
from 468 nm (2.65 eV) to 507 nm (2.44 eV) in BaMoO4, and from
474 nm (2.61 eV) to 578 nm (2.14 eV) in BaWO4 (Figs. 3 and 4).
As the excitation energy was lower than the Egap in both phosphors,
PL emissions arose from charge transfer transitions involving inter-
mediary energy levels (IEL) in the band gap. Defects were respon-
sible for the creation of such IEL, commonly labeled as shallow-
level defect states (SLS) and deep-level defect states (DLS) [10].

Broadband PL profiles are originated from the contribution of
multicolor visible emissions with distinct wavelengths. Mathemat-
ical functions are an acceptable approach to qualitatively estimate
the visible-light emission centers (VLECs) or energy states involved
in the electronic transitions. The acceptor SLS (below the conduc-
tion band edge) are regarded as violet and blue VLECs, while the
DLS are responsible for green, yellow, orange, and red VLECs [9].

PL spectra of BaMoO4 were fitted with three Voigt area func-
tions (VAFs) in allusion to specific VLECs. The deconvoluted PL
spectra revealed that the green > blue > orange VLECs. The blue/-
green emissions were correlated to acceptor SLS and DLS of intrin-
sic distorted [MoO4] clusters. In contrast, the orange emissions
�C for 0 h (b), 2 h (c), 6 h (d), 12 h (e), and 24 h (f), respectively.



Fig. 2. SEM images of BaWO4 synthesized at 30 �C for 0 h (a) and 90 �C for 0 h (b), 2 h (c), 6 h (d), 12 h (e), and 24 h (f), respectively.

Fig. 3. Deconvoluted PL spectra of BaMoO4 synthesized at 30 �C for 0 h, and 90 �C for different times.
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were assigned to DLS originated by atomic displacements, dangling
bonds, and bond distortions in [BaO8] � [BaO8] and/or [BaO8]-
� [MoO4] clusters [9].

Three or four VAFs were required to deconvolute the PL profiles
of BaWO4. The temporal evolution caused a pronounced redshift,
indicating a change in the concentration and/or distribution of
IEL in the band gap. Thus, there is majority participation of DLS
3

(defects in [BaO8] � [BaO8] and/or [BaO8] � [WO4] clusters) con-
cerning SLS (distorted [WO4] clusters). Although defects are often
undesirable in phosphors, they were able to noticeably modify
the PL emissions in BaWO4. In particular, the PL properties of
BaWO4 were more affected by the experimental conditions than
the BaMoO4. Therefore, the band structure of BaWO4 was more dis-
turbed by the localized defect states.



Fig. 4. Deconvoluted PL spectra of BaWO4 synthesized at 30 �C for 0 h, and 90 �C for different times.
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4. Conclusions

The results showed that both temperature and reaction time in
P-FPI played a crucial role in the morphological control and optical
properties of BaMoO4 and BaWO4. The defects created by the mor-
phological changes affected both Egap and PL emissions. This phe-
nomenon was more prominent in BaWO4, yielding red-shifted PL
spectra as a function of the reaction times. These findings may offer
a guidance for the design of phosphors with optimized optical
properties for potential applications in electro-optical devices.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.matlet.2021.129681.
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